Introduction
Insects are unable to biosynthesize the steroid skeleton and require a dietary source of sterol to support growth, development and reproduction [ 11. This dietary requirement for sterol represents the only proven difference in nutritional requirements between insects and mammals [2] . Therefore, differences in steroid metabolism between insects and many other organisms may be exploited in the development of new pest control strategies [ 31. Cholesterol satisfies the sterol requirement for most insects, but little or no cholesterol is available in the natural diet of many phytophagous species. Dealkylation of C2, and Cz,, phytosterols at (2-24 enables most of these insects to produce cholesterol ( Figure 1 ) 3].?'he major ecdysteroids (moulting hormones) in insects are C2i steroids produced from cholesterol [4]. In addition to involvement in regulating the moulting process, ecdysteroids have been shown to have many physiological functions in insects, including roles in reproduction [ S ] . Thus steroid metabolism presents two unique target areas that might be exploited by (a) disrupting cholesterol production through the inhibition of the dealkylation and conversion of CLx and CZu phytosterols to cholesterol in insects that are dependent on this mechanism, so reducing the amount of available moulting hormone precursor, or (b) blocking any of the several biosynthetic steps between cholesterol and ecdysone ( Figure 2 ). Successful disruption of either of these biochemical pathways could effectively block the moulting process in the early larval stages, which would be highly desirable for many economically important phytophagous pest species. Ilisruption of steroid metabolism could also interfere with the reproductive process. In-depth studies of the biochemical pathways of utilization and nietaAbbreviation used: cyt, cytochrome; 741, 7-dehydrocholesterol.
bolism of CZx and C,', phytosterols and ecdysteroid occurrence and metabolism in insects have yielded considerable basic information and made possible the study of effects of known inhibitors and development of new, selective model compounds that disrupt steroid metabolism, the moulting cycle, and reproduction in certain insects and other pests. Since space does not allow a comprehensive review of the subject in this paper, we will focus our discussion of inhibitors of steroid metabolism on studies with insects that have shown fairly direct effects on metabolic pathways.
Inhibition of insect sterol metabolism
Continued loss of insecticides from our chemical arsenal through environmental concerns or development of resistance in insects has made it necessary to search for alternative selective, biorational insect-control technologies. The uniqueness of steroid biochemistry in insects provides a viable area of significant biochemical difference that might prove to be useful in this regard.
Detailed studies of the metabolism of a number of CLX and C,, phytosterols, which comprise the major fraction of dietary sterols encountered by phytophagous insects, have revealed that certain biochemical pathways (Figure 1 ) involved in the dealkylation and conversion of these sterols to cholesterol are common to many (but not all) species of phytophagous and omnivorous insects This was the first example of inhibition of a specific steroid metabolism enzyme in insects. W e then examined the effects of inhibition of this enzyme in insects. We tested the effects of over 30 azasteroids, and demonstrated that affected larvae produced Structure-activity studies enabled the design and synthesis of several new, structurally simple, much more potent azasteroids of which 25-azacholesterol methyl ether, 25-azacholestane and 25-azacoprostane were the most active. Each of these compounds was nearly 1000-fold as active as the first centration of 1 p p m . or less in the diet or medium of Manduca, the fall armyworm, Spodopteru fmgiperda, and the yellowfever mosquito, Aedes a e m t i
Azasteroids provided valuable tools in the indepth investigation of steroid metabolism in insects, as their inclusion in the diet in combination with phytosterols caused the accumulation of intermediates in higher than normal quantities [ 111.
However, their cost of synthesis and their steroidal nature would unfortunately limit their development as insect control agents. Rased on information from studies with the azasteroids, however, non-steroidal compounds were designed that had the same types of biological and biochemical activities. A dimethylamine functional group was critical for optimum activity with the azasteroids, and was incorporated into a series of new compounds. Opening the A ring to form seco-steroids did not decrease the activity and indicated that the intact steroid nucleus was not necessary 1121. Hicyclic compounds with only the steroidal C and L) rings and a 25-azacholesterol side chain were less potent, but, at sufficiently high concentrations, inhibited AL4-reductase activity and larval development of insects such as Manduca [13] . Then it was discovered that structurally simple branched-and straight-chain alkyl arnines (eg. N, N-dimethyldodecanamine) and certain related amides were considerably more potent than the bicyclic amines and produced all the characteristic effects on development and steroid metabolism caused by the azasteroids [ 131. These compounds were not as active as the most potent azasteroids, but some were effective at a few parts per million concentration, particularly against the yellowfever mosquito and the confused flour beetle, Tribolium confusum. Interestingly, the azasteroids and alkyl amines had no effect on the honey bee.
Apk mellifra, which does not dealkylate phytosterols, when fed to larvae in a chenlically defined diet [14] .
Although the branched-and straight-chain alkyl amines have not provided compounds of sufficient potency for use against any of our insect pest problems, studies with other biological systems have provided information on the effectiveness of some of these inhibitors against other important agricultural pests. These investigations were undertaken to determine whether we could take advantage of the simplicity of structure, low toxicity and azasteroids tested [ 111. These were lethal at a con- cost, and commercial availability of some of these amines. Several biological activities with considerable potential were discovered as a result of this research, the most significant of which were (a) high nematicidal activity against a number of nematode species [ 15,161, (b) miticidal activity against psoroptic scabies mites of livestock [17] , and (c) antimicrobial activity against the bacteria responsible for the major part of the mastitis problem of the dairy industry [ 181. As a result of the latter research, N, N-dimethyldodecanamine is used commercially as a teat dip to combat mastitis in dairy cattle.
Other phytosterol metabolism inhibitors
Hikino et al. (191 found that another group of nitrogenous steroids specifically inhibited sterol metabolism and overall development at relatively high concentrations in the silkworm, Bombyx mori.
Three compounds, including 38-( 8,P-dimethyl-
aminoethoxy)-androstene-5-ene-17-one, its methyloxime, and 3p-( B,B-dimethy1aminoethoxy)-cholest-
5-ene inhibited A"-sterol reductase, and the first two also inhibited the conversion of sitosterol to fucosterol, the first step in the dealkylation process. The inhibitory effects could be largely reversed by 20-hydroxyecdysone, suggesting that moulting hormone biosynthesis was also disrupted by these compounds. Fujimoto et al. [20] showed that 24,28-iminofucosterol inhibited dealkylation of sitosterol but did not block the A2"-sterol reductase. Hecause using cholesterol as the dietary sterol did not eliminate the inhibition of development by this compound, another site of action seemed to be involved. In studies by Awata et al. [21] , the steroidal allenes stigmasta-5,24(28),28-trien-3/?-ol and cholesta-5,23,24-trien-3/3-ol were tested, and the former compound proved to specifically inhibit the conversion of sitosterol to fucosterol or fucosterol to the epoxide when fed at the same concentration as the dietary sterol. Clarke et al. [22] 1)ealkylation of these sterols produces a lethal product, fluoroacetate, and the inhibitor has no direct effect on sterol metabolism. This novel approach to disrupting insect development exploits the ability of insects to dealkylate the sterol side chain. Since vertebrates are unable to dealkylate, fluorinated C,-phytosterols would have no effect o n such animals. Of the series of 29-fluorophytosterols tested, 29-fluorostigmasterol was the most active, and the A"-bond greatly increased the toxicity. A series of fluorinated cholesterols was also tested for activity when fed to Manduca and found to have very little toxic effect 1241.
Inhibition of ecdysteroid metabolism
Ihrger et al. 125 ,261 found that a number of acetylenic cholesterol derivatives selectively block the C-22 hydroxylase system involved in ecdysone biosynthesis in in vitro studies with prothoracic glands and follicular cells from Locusta migratoriu. The acetylenic function was located at C-22 and the inhibition is specific for the C-22 hydroxylase, dose-dependent and irreversible. These researchers also examined the effects of a series of allenic cholesterol derivatives synthesized from pregnenolone on ecdysone biosynthesis by prothoracic glands of 1,ocusta [ 27,281. These included an allenic function at C-20 or C-22 and were designed to inhibit the C-22 hydroxylation step in ecdysone biosynthesis. Among these compounds, a CL4
compound with a C-22 allenic function was the most efficient inhibitor of this hydroxylation step.
I Iowever, these compounds had relatively low levels of activity in vivo when injected 1291.
The C-2, C-22 and C-25 hydroxylation steps involve cyt P-450-dependent mono-oxygenases [30] . Some very recent work from Jarvis et al. [31] dealt with inhibition of these final three hydroxylation steps of ecdysteroid biosynthesis in ovarian follicle cells of Locusta rnigratoh. In these studies, was the hydroxylation step most sensitive to KK-42, ICI-I,-635, and the majority of the other cyt P-450 inhibitors, with ketoconazole being the most effective of the latter. KK-42 has been studied extensively in a number of insect species and shown to have anti-ecdysteroid properties as an insect growth regulator. This interesting compound inhibits ecdysteroid biosynthesis by prothoracic glands in a non-specific manner in glands from L. migratoriu [32] and R. mori' [33] larvae.
In reports from a number of groups, the natural product azadirachtin, a tetranortriterpenoid, has been found to delay or suppress ecdysteroid levels, but little is known of possible direct effects on ecdysteroid biosynthesis or metabolism. Smith and Mitchell [34] found that azadirachtin inhibited ecdysone 20-mono-oxygenase in in vitro systems prepared from Drosophila melanogaster, A. a e a t z and M. sextu in a dose-response fashion. Likewise, Koolman et al. [35] reported inhibition of this same enzyme by azadirachtin in in vitro studies with Calliphora vicina It was concluded by Pener et al.
[ 361 that azadirachtin does not affect prothoracic gland function but may alter post-prothoracic gland ecdysteroid metabolism. In vivo studies with Tenebrio molitor pupae injected with azadirachtin also indicate that the 20-mono-oxygenase system is inhibited by azadirachtin, since 20-hydroxyecdysone levels are much more reduced than are the levels of ecdysone in treated pupae [37] . Azadirachtin is the active ingredient in a new insect growth regulator, Align, which is currently gaining registration and is effective against several lepidopterous and coleopterous pests, primarily of cotton [38] .
The fungicide fenarimol, a known cyt P-450 inhibitor, has been shown to directly affect 20-mono-oxygenase in in vitro systems from Calliphora vicina and Neobellieria bullata 1391. Fenarimol had no influence on the biosynthesis of ecdysone. Plumbagin, a chitin synthetase inhibitor, and its 2-demethyl derivative juglone, were reported to inhibit ecdysone 20-mono-oxygenase activity in in vitro systems from A. aegypti, D. melanogaster and M. sextu [40] . In related studies with Dysdercus cingulatus, plumbagin inhibited ecdysteroid biosynthesis by prothoracic glands in vitro, and it was concluded that the compound acted directly on the prothoracic glands and may block sterol oxidases other than 20-mono-oxygenase [4 11. Another study of interest, although not involving direct inhibition of steroid metabolism, reported that the antijuvenile hormone compound ethoxyprecocene I1 appears to act directly on Rhodnius prolixus prothoracic glands in vitro to interfere with ecdysteroid production [42] . The authors stated that the effects are probably due to destructive alkylation of the glandular tissue.
Other approaches
Although space does not allow detailed discussion of these studies, a number of other indirect approaches to disrupting steroid metabolism and ecdysteroid action in insects are being examined in several laboratories. One of the most important and exciting of these arose from the discovery of the extremely active non-steroidal ecdysone agonist Kinetic studies with a Drosophila cell line indicated Rl1-5849 activity was due to binding to the ecdysteroid receptor [ 441. However, pharmacokinetic and toxicity studies have also revealed certain neurotoxic insecticidal activity [45] . This growth regulator was very active against lepidopterous insects as well as species from several other orders and induces a premature, lethal moult in the larvae.
A closely related and more potent compound, MI-5002, has undergone considerable field evaluation and has proven to be a very efficacious control agent against Lepidoptera in orchard, vine crops, vegetables, and forest tests in France, Germany, Italy, Spain and Switzerland [46) . Lower levels of activity were also demonstrated in other types of insects in field studies. Notably, MI-5992 has no adverse effect on honey bees or other beneficial insects examined [46] . RH-5992 is being marketed under the trade names of Mimic and Confirm.
The effects of steroidal plant growth promoters, the brassinosteroids, were investigated in insects by Richter and Koolman [47] . They reported that brassinosteroids may have both ecdysteroid agonistic and antagonistic activities. I Iowever. in feeding tests with cockroaches (Periplaneta arnericana), very high levels (1 2 500 p.p.m.) in the diet were required to delay moulting. An antagonistic effect was noted in in vitro studies with imaginal discs.
The effects of altered or unusual dietary phytosterols on insect development [ 481 and ecdysteroid biosynthesis [49] indicate another interesting area of research that should be pursued. An indication of the possibilities available through molecular biology techniques is the report of a gene encoding an ecdysteroid lJI)P-glucosyl transferase enzyme in a baculovirus strain that interferes with moulting of the host by altering levels of biologically active moulting hormone when injected into Spodoptera frugiperda larvae [ 501.
Conclusions
Much basic information on sterol metabolism and utilization in insects has been obtained. The effects of A2'-sterol reductase inhibitors such as azasteroids, alkylamines and alkylamides demonstrate that sterol metabolism in insects can be specifically inhibited. Other steps in the dealkylation of the sterol side chain are susceptible to inhibition by compounds such as iminosteroids, allenes, and certain fungicides. Fluorinated sterols take advantage of differences in steroid biochemistry (sidechain dealkylation) between insects and other organisms. Side-chain hydroxylation is also a likely target in ecdysteroid biosynthesis in insects, as shown by the inhibition of C-22 hydroxylation by certain acetylenic and allenic cholesterol derivatives and by various cyt P-450 inhibitors, including certain fungicides. Bcdysone 20-mono-oxygenase is inhibited by azadirachtin, fungicides such as fenarimol, and the natural product plumbagin. Other inhibitors have less specific effects on steroid metabolism. The research discussed in this brief review has provided significant leads in the search for practical means of exploiting this important area of biochemical difference and in the development of novel. selective methods of insect pest control. Certainly. the discovery of practical control agents such as RH-5092 (Mimic or Confirm) testifies to the significance of pursuing basic research in insect steroid biochemistry. 
